Abstract. We are developing a 4π Ge-spectrometer for the measurement of neutron capture cross sections of minor actinides. The 4π Ge-spectrometer consists of Ge detectors that cover a large solid angle of a sample; the spectrometer has high efficiency and good energy resolution for γ-ray detection. This feature enables us to discriminate desired events from backgrounds based on the measurement of total excitation energy following the neutron capture reaction. In this work, we determined an optimal configuration and evaluated performances of 4π Ge-spectrometer using a Geant4 simulation. From comparison of performances, two configurations that have uniform count rates or a high efficiency were determined. Therefore one of the two configurations is used properly to reduce an experimental error for the neutron capture cross section. Further simulations were made with a full geometry including BGO shields; absolute efficiency for the high-efficiency configuration was estimated to be 15% for a 1-MeV γ ray.
INTRODUCTION
The neutron capture cross sections of the minor actinides (MA) are important in the development of innovative nuclear reactors including accelerator driven systems for transmutation of MA. For many MA, however, the cross-section data are inconsistent or inaccurate at present [1] . Therefore, we have been developing technology for the measurement of accurate cross sections since 2002. For the main part of the development, we will construct a 4π Gespectrometer consisting of Ge detectors and BGO antiCompton shields. In this work, we determined an optimal configuration of the Ge detectors for the crosssection measurements and evaluated performances of the 4π Ge-spectrometer.
4π Ge-SPECTROMETER
In the previous study [1] , we made a design study of the 4π Ge-spectrometer. We decided to construct the spectrometer by using two cluster detectors [3] and four clover detectors [4] . The clover detector contains four Ge crystals like a four-leaf clover, and the cluster detector contains six Ge crystals and a six-fold segmented Ge crystal. These Ge detectors cover a large solid angle of the sample as shown in Fig. 1 . The BGO anti-Compton shields are placed around the Ge detectors to suppress the Compton continuum in a spectrum.
In our plan for the cross-section measurements, the 4π Ge-spectrometer will be set at the neutron beam line of a 46-MeV linac at the Research Reactor Institute, Kyoto University. The MA samples are irradiated with a pulsed neutron beam from the linac. The MA nuclei capture the neutrons, and then the nuclei are excited to energy of 5 to 10 MeV, and are deexcited to the ground state by emitting a few γ rays. The 4π Ge-spectrometer is used to detect these γ rays and to derive the neutron capture cross section from the γ-ray counts.
In such measurements, impurities in the MA sample affect the accuracy of the measurements since it is difficult to discriminate desired events from background coming from the impurities. Therefore we perform total excitation energy measurements so as to distinguish the two. Since the excitation energy following neutron capture reaction differs by the order of 100 keV depending on nuclides, one can discriminate the events by detecting all the γ rays from the target nucleus. 
SIMULATION AND RESULTS
In order to make precise simulations using Geant4 [5] , the detector geometry was made as precise as possible based on information from a manufacturer [6] ; however we have adjusted unknown parameters of the Ge crystals in order to improve a precision of the simulated spectrum. Figure 2 shows a comparison of simulated γ-ray spectra of 60 Co (dotted line) with that of measurement (solid line). There are two full energy peaks from 60 Co source, an annihilation peak, and x-ray peaks. The x ray comes from lead, since the source was put on lead blocks. The simulation reproduced the measured spectrum very well; the difference of full energy peak counts was within 10%. Thus we considered that the simulation is accurate enough to be used in the present study.
In order to determine the optimal configuration for the cross-section measurements, simulations were made for various configurations of the Ge detectors as a function of the angle θ between the clover detector and the beam line as shown in Fig. 3 . Figure 4 shows the absolute efficiency of the clover detector for the 1-MeV γ ray vs. the angle θ. When the angle increases, the efficiency also increases; the efficiency at 80° configuration is about 1.3 times larger than that of small angles. The angle of 80° is the maximum since Fig. 3 . Although the count rate for (a) drastically increases at large θ, that of (b) is almost constant; therefore the count rate between crystals is unbalanced at large θ configurations. We conclude that the 55° configuration is suitable from this viewpoint, since it has a uniform count rate for each crystal in the clover detector. The efficiency and the count rate balance need to be taken into account to determine the configuration of the clover detector. The 55° and 80° configurations were suitable for one viewpoint respectively; no configuration suits both viewpoints. Thus we adopt both configurations for the clover detector and these will be used properly depending on the experimental conditions.
Overall performances of the 4π Ge-spectrometer were evaluated with full geometry including the BGO shields for the θ = 55° and 80° configurations. The BGO shields are 5 cm in thickness and are placed around the Ge detectors as shown in Figs. 6 and 7. At the 55° configuration, the BGO shields covered both sides of the clover detector. On the other hand, the BGO shields for the 80° configuration were placed only outside of two clover detectors as shown in Fig. 7 to gain the cross talk between the neighboring crystals.
The overall efficiency that is derived from the summed up output from all Ge detectors was calculated as a function of γ ray energy as shown in Fig. 8 . Open and solid circles show the efficiency for the θ = 55° and 80° configurations, respectively. The overall efficiency for θ = 55° and 80° configurations were obtained to be 13% and 15% for 1 MeV γ rays. configuration. The BGO shields for the 80° were placed only outside of two clover detectors since there was no space between the two clover detectors.
The previous calculation overestimated the efficiency by a factor of about 2. This is because we had no exact sizes or shapes of the crystals in the previous study, and they were approximated by simple shapes of cylindrical cones and boxes. 
SUMMARY
We have made the simulations for the various detector configurations of the 4π Ge-spectrometer using the Geant4. From the comparisons of the performance, we have determined the two detector configurations of θ = 55° and 80° have the uniform count rate and the high efficiency, respectively. We would choose one of the two configurations from the experimental conditions to reduce the experimental error of the cross sections. Furthermore, we have made the simulations for these configurations with BGO shields to evaluate their performances. The full energy peak detection efficiency at 1 MeV was estimated to be 15% for the 80° configuration.
